This paper presents a study of practically implementable active tuning methods for a Wave Energy Converter (WEC) power take-off (PTO). It is distinguished from other simulation studies by the level of detail and realism in the inputs and the PTO model. Wave data recorded at the European Marine Energy Centre is used to derive input data for a detailed component level model of a hydraulic PTO.
Introduction 1
The optimization of wave energy converter (WEC) hydraulic power take-offs 2 (PTO) in sea states of varying wave amplitude, direction, and frequency is a 3 significant problem. Sub-optimal configuration can result in very inefficient energy 4 conversion [1] , so understanding the design trade-offs is key to the success of the 5 technology. This work focuses on a generic point absorber type WEC. Previous 6 work by the authors has considered the optimisation of this device for regular waves
7
[2] and synthesised irregular waves [3] to gain an understanding of the fundamental 8 issues. This paper considers real wave data from the European Marine Energy Centre (EMEC) based in Orkney, Scotland. It presents techniques to analyse the 10 wave energy resource at a particular site by using statistics that are calculated 11 from the raw data. A method to calculate the wave excitation force from the raw 12 wave displacement is presented and this is then used as the input to a simulation 13 model. This provides a prediction of how the WEC will behave and the power 14 which can be generated in real wave conditions.
15
PTO tuning is investigated using the real data and compared to the results
16
found previously [2, 3] . Real time tuning methods are analysed to determine 17 the best method to maximise power generation by updating the PTO damping.
18
Active and passive methods are examined which tune the PTO to a wave frequency 19 calculated from different horizons of wave data. The algorithm was shown to be weakly dependent on wave period and independent 25 of wave height when simulated in real sea conditions and to produce power levels 26 similar to a fully linear PTO unit. This work was continued in Falcao [5] to include 27 a strategy for phase control by latching to increase the absorbed power further. 
Hydrodynamics of the WEC

48
A point absorber type device is used for this study and is the same as that 49 used in [2] and [3] . A diagram of the heaving buoy is shown in Fig. 1 , and it has a 50 mass of 39 tonnes, a radius of 2m and a draft of 4m. A point mass acting at the 51 centre of the buoy is assumed. The governing equation of motion for the buoy in 52 heave is
where m is the mass of the buoy,ẍ is the buoy's acceleration, f h (t) is the total 54 wave force and Φ(t) is the mechanical force created by the PTO and moorings.
55
Assuming linear wave theory, the wave force can be approximated as
where f e (t) is the excitation force produced by an incident wave on an otherwise 57 fixed body, f r (t) is the radiation force and f hs (t) is the hydrostatic buoyancy force.
58
For a regular wave of frquency ω the excitation force is given by
where F e is the complex excitation force amplitude. Following the approach de-60 scribed in [3] and using the assumptions of 
where H is the free surface elevation, ρ is the water density, g is the acceleration 64 due to gravity, r and l are the radius and half-height of the buoy, is Havelock's 65 dimensionless damping coefficient computed by Hulme [12] and k is the wave
) given by the deep water dispersion equation.
67
The radiation force f r (t) can be decomposed into components in phase with 68 the buoy's acceleration and velocity [11] [13] so that
where A(ω) is the added mass coefficient and B(ω) is the radiation damping 70 coefficient, which may be approximated in this case to [11] [12]
For small heave displacements, the hydrostatic force f hs (t) can be linearised so
4. Hydraulic PTO mechanism
74
The aim of the PTO is to convert the irregular wave input into a smooth The hydraulic PTO used in this simulation model is shown in Figure 2 In reality there will be losses throughout the hydraulic circuit including friction 97 in the piston and pipework, leakage in the motor and torque losses due to friction in 98 the motor and generator. These losses will be system specific and are approximated 99 here based on experience.
100
The PTO force is given by
where p 1 and p 2 are the pressures in the piston chambers, A p is the piston area 102 and f f r is the cylinder friction force, given by
where f c and and f v are the Coulomb and viscous friction coefficients, respectively.
104
The details for calculating cylinder pressures are provided in [3] .
105
The mechanical power captured by the PTO is given by
The power generated by the PTO is not equal to the captured power P cap due 107 to system losses in the hydraulic circuit and electrical generator. The generated 108 power may be caluclated from
where T m and ω m are the motor torque and angular velocity, respectively. The 110 motor torque is calculated from [14] 111 
where q m is the flowrate to the motor and C s is the dimensionless slip coefficient.
118
The motor angular velocity can be calculated from rotational acceleration, which 119 is given by
where T g and J are the torque and inertia of the generator.
121
Assuming no losses, the generator torque is given by
where C g is the damping coefficient of the generator. Fourier Transform (FFT) of the wave elevation. Figure 3 shows the spectrum as The moments of the variance spectrum (m a ) for a= -1,0,1,2, are calculated from
where N is chosen so as to include the frequency range (ω i to ω N ) containing given by
The peak period T p is given by
where f p is the frequency in Hz corresponding to maximum S n .
157
The energy period (T e ) is given by
The total wave power flux (P f lux ) of the spectrum is the scalar sum over the 159 frequency range, and is found from
Artificial irregular wave elevation and excitation force profiles can be created October. October had more occurrences of the lowest level of wave power 
According to Falnes [11] , F e can be expressed in terms of the wave excitation
Comparing equation 21 with equation 22, it can be seen that
The excitation force can then be calculated from Pierson-Moskowitz spectrum and the random phase method:
where A p represents the piston area, C g is the generator damping coefficient, D m 213 is the hydraulic motor capacity and x m is the fraction of maximum motor 214 displacement. Here, the piston area is fixed and the PTO damping is optimised 215 for a given T p by varying the motor capacity and generator load.
216
It is important to determine if this, or any other relationship, exists for real wave 217 data. Therefore, a number of wave packets were chosen in both months with packets an optimisation algorithm was used to maximise P gen and give α opt to 220 determine any trends between it and the wave parameters. when T p is calculated from the filtered spectrum. However, Table 3 shows that 223 the norm of the residuals, an indicator of the goodness of the correlation, is 224 lowest for the fit between the energy period (T e ) and α opt .
225
When comparing all the trend lines, it is clear from Figure 13 that the filtered T p 
230
Even with filtering, two distinct peaks may remain in the spectrum, like Figure   231 15, so the PTO may best be tuned to a frequency between these two peaks, 232 instead of the peak frequency, so it can benefit from the high energy at both points between the adjacent zero-upcrossing points is defined as the wave height.
267
In all these examples it is assumed that the PTO is linear and the desired 
290
Empirically tuned proportional and integral gains of 0.05 and 0.01 were used.
291
Changes to motor displacement (x m ) will be subject to the dynamics of the To ensure P cap remains at its maximum, α opt (T e ) must be maintained whilst 296 controlling the motor speed. To maintain α opt it is necessary to continually 297 adjust the piston area or generator load at the same rate as x m . Adjusting the 298 generator load is the only feasible option so it must be varied alongside x m to 299 maintain α opt according to [3] 300
Therefore, in the simulation model the signal to alter the generator load is passed control strategy is shown in Figure 17 .
304
In general, the results show that there is only a marginal gain, if any, from using 305 active tuning methods (Tables 6 to 10 between tracking changes in T e whilst not being biased by large individual waves.
318
The advantage of using a shorter window length is the reduction in the capacity The tuning method predicts T e from a future window length of 20 s and it uses 338 the previosly identified trend to modify α accordingly. The results, presented in 339   Table 11 , indicate that there is only a small gain from using a future wave 
